The optimum reaction parameters for the interaction of hexavalent chromium [Cr(VI)] with diphenylcarbazide in microfluidic chips (μFIA) with thermal-lens microscopic detection were selected. The characteristic feature of the applied flow scheme is the injection of the reagent into the stream containing the test metal, which enables in-field and real-time monitoring of Cr(VI) simply by flowing the sample continuously through the microchip. The limit of detection of Cr(VI) under the selected conditions (signal generating wavelength, 514.5 nm; excitation power, 100 mW; detection position, 10 cm downstream from the mixing zone of the microchip; flow rate 10 μL min -1 ; injection volume, 1.4 μL) is 15 ng mL -1 (2.9 × 10 -7 mol L -1 ). The linear range is 40 ng mL -1 -10 μg mL -1 with a relative standard deviation no higher than 10% in the concentration range 0.1-1 μg mL -1 . The online monitoring by this scheme provides the possibility of up to 360 analyses per hour.
Introduction
The interest for trace chromium analysis appears from its essential bioactivity and toxicity. Recently, several papers dealt with its importance as a biomarker, especially cardiomarker, and genotoxicity. [1] [2] [3] [4] Currently available novel methods for trace Cr(VI) determination rely on chromium speciation based on ion chromatography, high-performance liquid chromatography or solid phase or liquid-liquid extraction coupled to atomic absorption and emission spectrometry or ICP-MS, [5] [6] [7] [8] [9] [10] [11] To avoid the need for separation of Cr(III) and Cr(VI) selective reagents were proposed, which react selectively with Cr(VI), such as rhodamine B hydrazide for spectrofluorimetric detection, 12 or well known diphenylcarbazide for spectrophotometric determination, which was recently significantly improved in sensitivity by using long-pathlength molecular absorption spectroscopy, or optical waveguide sensors. [13] [14] [15] [16] However, there are several problems of the determination of trace amounts of this metal-production monitoring in environmental analysis, 17 cosmetic industry, 18 rapid clinical diagnostics, 19 several problems of sports medicine 20 -require rapid monitoring or (and) speciation analysis, which cannot be implemented by these techniques. Moreover, solving these problems require developing compact instruments and tests providing the possibilities of rapid and mobile analysis and diagnostics with high sensitivity (at the level of 10-100 nmol L -1 or lower 1,2 but without stationary in-laboratory equipment for example in the case of ICP-AES and ICP-MS.
Towards this aim, microfluidic technologies are a very versatile platform for such analysis. They enable working with small sample amounts in an automatic flow mode and can be implemented as flow-injection analysis, chromatography, or electromigration. [21] [22] [23] [24] In this study, we selected microflow-injection analysis (μFIA) as it provides the highest throughput of analysis and simplicity of the implementation.
As a detection method, the selection of thermal lensing (TL) as a tool for very sensitive detection of light absorption 25, 26 is a very reliable option. Another reason for the selection of a thermal lens technique is that compact analytical instruments in the variant of thermal lens microscopy, TLM, 27, 28 were already introduced.
For the determination of chromium in a microfluidic chip with TLM, we selected the well-known photometric reaction of the formation of colored chelate of Cr(VI) with diphenylcarbazone (DPC). This reaction provides high sensitivity along with a very simple design of a flow microchip -only two flows may be used, the test solution and the reagent in a protolytic buffer solution. Moreover, the maximum of the absorption band of the formed Cr(VI)-DPC chelate (540 nm) lies near the wavelength of the most frequently used excitation lasers in TLM, which provides high instrumental sensitivity of the detection. The DPC method for Cr(VI) determination is well established and results for analysis of various samples were previously reported in literature, including the detection in a batch-mode TLS and for flowing systems such as ion-chromatography-TLS. TLS determinations of chromium were performed in good agreement with other methods such as atomic-absorption spectroscopy. [29] [30] [31] [32] [33] Also, the possibility of FIA-TLM for the determination of Cr(VI) was shown by a classical scheme of the injection of the test solution into a flow of a preconditioned reagent, 34 which showed high sensitivity of thermal-lens measurements and the applicability of the method. However, the problems of rapid assessment like in express analysis or in clinical diagnostics, 22, 23 such a variant is not-optimal due to high flow rate of the reagent, or washout of the test samples after their injection into the reagent flow.
The aim of this paper is to develop an alternative variant of μFIA-TLM for determination of Cr(VI): the injection of the preconditioned reagent into a continuous or discrete flow of the test solution. We estimated the analytical performance parameters of this mode and compared them with the existing data. 34 
Experimental
In TLM used in this work, an excitation (pump) beam from an argon-ion laser (514.5 nm, Innova 90, Coherent Inc. USA) is modulated by a mechanical chopper at 1.03 kHz, and then is combined by a dichroic mirror with a probe beam from a He-Ne laser (632.8 nm, 25-LHP-151-230, Melles Griot, Rochester, USA) (more details are described previously 35 ). The two beams are aligned coaxially through an objective lens (20 × /NA 0.45), and further through a microchip, where the TL effect is generated in the sample under the excitation by the pump beam (4 μm in diameter at its waist). The probe beam (2 μm in diameter at its waist) is diffracted by the thermal-lens effect and then its axial intensity is monitored by a photodiode (PDA36A, Thorlabs, USA) behind an interference filter and a 4-mm pinhole. TL signals are extracted by a lock-in amplifier (SR830, Stanford Research Systems, USA) and further recorded by a computer. Two types of microchips were used in this work: a microchip with a 205 μm wide × 100 μm deep microchannel (Dolomite Microfluidics, UK) -referred to as N1 and N2 -a microreactor chip with a 220-μm wide × 50-μm deep microchannel (Micronit Microfluidics, Enschede, The Netherlands). A microsyringe pump (NE-1000, New Era Pump Systems Inc., Farmingdale, USA) on which a 250-μL syringe was mounted is used to inject a certain amount of the reagent (DPC) instantly into the microchannel at a flow rate of 200 μL min -1 . Another microsyringe pump of the same type with a 5-mL syringe is employed to drive the sample containing Cr(VI) through the microchannel at a certain flow rate. The carrier containing the sample flows through the microchip continuously while the reagent is injected in a pulsed mode. The generated Cr(VI)-DPC was detected online by TLM at certain position downstream from the junction point.
Water from a Milli Q water purification system (Millipore, France) was used: specific resistance 18.2 MΩ × cm, Fe, 2 pg mL -1 ; dissolved SiO 2 , 3 ng mL -1 ; total ion amount, < 0.2 ng mL -1 ; TOC, < 10 ng mL -1 . The glassware was washed with acetone followed by conc. nitric acid. Nitric (69%), and hydrochloric (37%) acids, both of PA-ACS-ISO grade (Panreac, Spain) were used. The reagents: potassium dichromate (K 2 Cr 2 O 7 , Riedel-de Haën, Germany), 1,5-diphenylcarbazide (DPC, CAS no. 140-22-7, Sigma-Aldrich), 1,10-phenanthroline iron(II) sulfate complex (ferroin, 0.025 mol L -1 , CAS No. 140-22-7, Sigma-Aldrich), phosphoric acid (H 3 PO 4 , 85%, Riedel-de Haën) and acetone (HPLC grade, J. T. Bakers) were used throughout. All the reagents and solvents used in this study were of chemically pure grade or higher and were used without further purification.
A stock standard solution (1 mg mL -1 ) of Cr(VI) was prepared by dissolving 2.8 mg of K 2 Cr 2 O 7 in 1 mL of doubly deionized water. Sample solutions of lower concentration (25, 50, 100, and 200 ng mL -1 ) were prepared by appropriate dilution. A stock solution of DPC was prepared by dissolving 2 mg of DPC in 1 mL of acetone. A H 3 PO 4 solution was prepared by diluting 0.6 mL of 85% 
Results and Discussion
In the work, we used the TLM spectrometer with geometry of the optical scheme optimized, 37 and only the day-to-day calibration by the iron(II) tris (1,10- 
-5 mol L -1 ) was made prior to each measurement session. We optimized the following experimental parameters of thermal-lens detection and the reaction conditions altogether: excitation laser power (Ð), carrier flow rate (q), sample-injection volume (V), and the thermal-lens detection position at the microchip (D p ).
Excitation power and the carrier flow rate (q) determines the sensitivity and the photobleaching of the Cr(VI)-DPC complex, while other parameters (D p and V) in combination with the flow rate q affect only the completeness of the reaction of formation of the target chelate at the detection point.
The preliminary experiments are made with a simple flow-through microchip, N1 with pre-synthesized Cr(VI) chelate. This microchip was selected due to its simplicity and convenience of the work (Fig. 1, a) . The major part of the work for selecting the reaction conditions and the estimation of the performance parameters was made using a N2 microchip with a double-Y geometry, and with a much longer microchannel (over 25 cm) after the junction point of carrier and reagent channels (Fig. 1, b) , which makes the optimization of analytical parameters (q, V, and D p ) possible, and was specially designed for the target flow-injection analytical systems.
1. The Effect of the Excitation Power
At the first stage of experiments, we estimated the effect of the excitation laser power as it sets the sensitivity level of thermal lensing as a power-based method. 27 However, Cr(VI)-DPC chelate is not photostable under prolonged sample irradiation (e.g. for serial analyses in FIA-TLS). Thus, in the case of μFIA-TLM, the measurement time should be optimized to account for or to exclude photobleaching of the target chelate. 34 In the case of FIA-TLS, the fluence of the excitation laser for a beam waist of 30 μm and a power of 100 mW is 3.5 × 10 3 W cm -2 ; the irradiation time is ca. 0.1 s (the test solution flows through a cell with an optical path length of 1 cm and a volume of 8 μL, for a chopper frequency of 30 Hz and a flow rate of 2.5 mL min -1 . In the case of μFIA-TLM, for an optical path length of 2 μm and the same excitation power, the fluence is 8 × 10 5 W cm -2 , which would significantly affect the measurement results.
The effect of the excitation power on the target chelate was studied in the range of 2-125 mW. In a continuous-flow mode (only a sample flow goes through a measurement channel), we targeted the pre-synthesized Cr(VI)-DPC chelate with a known concentration. For comparison sake, we made similar experiments with ferroin as a substance a priori photostable under the selected conditions. All the experiments were carried out at flow rates of 5, 15, and 30 μL min -1 . Signal ratios for both substances and different flow-rate pairs are summed up in Table 1 ; the dependences of the thermal-lens signal on the excitation power are shown in Fig. 2 .
The data shows that in all the selected range of excitation powers, the signal dependence is linear and in a good agreement with the theoretically expected behavior. The signals for all the three pairs of flow rates for Cr(VI)-DPC are very close to the expected ratios for photostable ferroin (Table 1) , which is an evidence of a low degree of photobleaching of the target chelate. Thus, in all the following experiments, we used an excitation power of 100 mW. Table 1 . The ratios of slopes derived from dependences of thermallens signal on the excitation power ( 
2. The Effect of the Flow Rate
Apart from significantly lower amounts of the sample and reagents in a microfluidic chip, another advantage of μFIA-TLM is the implementation of fast detection of a large number of samples (or even real-time monitoring) with a high throughput. 27, 38 However, this requires that the time of analysis of a single sample is as low as possible, while retaining high sensitivity, i.e. the degree of completion of the photometric reaction should be high enough. On the other hand, the photodegradation of the reaction products does not allow lowering flow rates. Thus, the flow rate should be optimized to enable the completion of the complexation reaction between Cr(VI) and diphnylcarbazide and to decrease the effect of photodegradation. This can be achieved by varying the flow rate and by shifting the detection position downstream from the junction point of carried and reagent channels on the microchip.
However, flow rate requires a careful optimization. On one hand, at high flow rates, the reaction may not be complete, and the procedure sensitivity will be governed by the degree of completion. In addition, at high flow rates, peak shape may be distorted due to changes in mixing conditions, and this is very well known in macro-scale FIA. However, there is another reason of optimization, which is connected with the thermal-lens effect itself. The classical theory of this effect in large-scale samples predicts a decrease in the signal with an increase of the flow rate (the heated zone with thermal lens is removed with the flow away from the detection point, thus decreasing the signal). 39 In microfluidic chips and capillaries, the plots of the signal amplitude on the flow rate show a shape with a rather distinct maximum. [40] [41] [42] This is accounted for by the fact that heating and cooling at high modulation frequencies do not result in complete dissipation of the heat during the cooling half-period of measurements, and the incremental heating during a measurement cycle is lower than in the case of complete dissipation of heat. At low flow rates, the flow removes this residual heating at the end of the measurement cycle, the incremental heating governing the signal increases, and signal grows up. At higher flow rates, the effects of the flow also affect the heating and the signal start to decrease like in the case of macro-scale flows in thermal lensing. 43 In this study, we obtained the results expected from the viewpoint of this heating model and based on our previous findings. 34, 42 For the modulation frequency of 1 kHz, the dissipation time (half-period of the cycle when the excitation beam is closed by the chopper) is 500 μs. The thermal behaviour of a thermal-lens experiment is governed by the characteristic time constant of the thermal lens, t c = ω where ω is the excitation beam radius and D T is the thermal diffusivity. For the experimental conditions (excitation beam radius of 2 μm and an aqueous solution t c is 7 μs. Thus, both heating and cooling half-cycles span for ca. 70t c . The heating period is long enough for attaining the thermal equilibrium (usually 50t c ), however, the cooling half-cycle is governed by thermal effusivity and requires a longer time for the total dissipation of the thermal profile (ca 100t c ). 39, 42 These conditions can be attained by selecting lower modulation frequencies (which decrease the S/N ratio) 39 or switching to the asynchronous mode (heating and cooling half-cycles are independent), which is not always advantageous for fast in-flow measurements and cannot be based on lockin schemes. 44 Thus, for a 1 kHz modulation frequency and a lock-in detection, a maximal S/N is obtained for given optical scheme.
Also, under these selected experimental conditions (pump beam size 4 μm, frequency 1 kHz, and flow rate larger than 5 μL/min), flow-induced decrease and increase are not based on incremental heating only. The signal increase for flow rates 5-10 μL min -1 (Fig. 3) is also due to the less photodegradation, while less Cr-DPC diffusion into the area irradiated by the excitation beam 45 contributes to an additional signal decrease at higher flow rates. As Fig. 2 shows, there is about a 20% contribution from the photodegradation when comparing 5 μL min -1 to flows as high as 30 μL min -1 . This 20% contribution is close to the observed increase in TLS signal with the flow rate at 10 μL min -1 (25%), and not much further improvement can be expected. Therefore, measurements at many different flow rates were not needed. The position of this maximum depends on other optimization parameters only slightly. This optimum flow rate was observed for both microchips N1 and N2. In the following experiments, the flow rate was set to 10 μL min -1 . 
The Effect of the Detection Distance from the Junction Point
After optimizing two key parameters directly governing the sensitivity of thermal-lens measurements, we moved on to the optimization of the flow reaction parameters. The time of molecular diffusion equals L 2 /D (L is the characteristic distance and D is the diffusion coefficient, respectively) in microfluidic chips is usually several seconds for L= 100 μm and D = 10 -5 cm 2 s -1 . The specific interface area σ = S/V ∝ 1/L (S is the surface area and V is the channel volume) is ca. 100 cm -1 . Compared to cells with path lengths of 1 cm, low diffusion times and higher specific interface area provide a significant increase in the reaction rate.
46-53 Thus, we determined the optimum time of the reaction by varying the position of the thermal-lens detection against the junction point in the microchip. It was found that for all the injection volumes and flow rates, the peak height first increases up to the detection position of 10 cm and then decreases by 10-20% on a further increase in the detection position (Fig. 4) .
An increase in the signal is due to an increase in the degree of completion of the reaction between Cr(VI) and DPC, while the further decrease is due to peak washout ) on the flow rate for two injection volumes of the reagent (1) 0.9 μL and (2) 1.4 μL, the detection distance from the mixing point, 29 cm; excitation power, 100 mW. due to diffusion and, to a lesser degree, due to the advection by fluid flow of the formed chelate in the channel. Washout results in an increase in the peak width, which can be clearly seen in Fig. 5 . Contrary to the peak height, peak areas increase and reach a plateau at the position of the detection position from the mixing point (junction of carrier and reagent channels) of 10 cm (Fig. 5) , which corresponds to the maximum peak height. This means that the reaction is close to completion when the peak areas cease to change. Thus, the optimum detection position was selected as 10 cm from the mixing point. Under these conditions, the peak height linearly depends on chromium concentration, thus this parameter was used as the analytical signal for the quantification of Cr(VI).
4. The Effect of the Injected Volume
The flow of the resulting chromium chelate in a microchannel is rather fast compared to the detection zone with a cross-section of several square micrometers; thus, the residence time of a sub-microliter sample at the detection position is 2-3 s at a flow rate of 15 μL min -1 . Therefore, as the reagent is injected into the continuous flow of the test sample, the injected volume may be a significant parameter of the sensitivity of the determination. Figure 6 shows dependences of the peak height in the injected volume of the reagent under several detection positions. It shows that the dependence of the signal on the injected volume is not affected by the location of detection position with respect to the point of mixing. However, flow rates of 5 and 10 μL min -1 show slightly different behavior. For a flow rate of 5 μL min -1 , signal first increases and then decreases with an increase in the injected volume. This correlates with the existing data, 34, 54 and is accounted for by the lack of the reagent at low injected volumes for the formation of the chelate with all the metal in the chelation zone.
An increase in the injection time (and volume) provides a higher concentration of the chelate, however, at some point, the washout of the sample zone at high injection volume results in the decrease in the peak height. In addition, an increase in the injected volume distorts the peak shapes (Fig. 7) .
At a flow rate of 10 μL min -1 , the rate of injection can be increased, which provides lower washout of the injection zone (Fig. 7) . Thus, the curves in Fig. 6 (b) show no decrease in the signal at longer detection positions for the given range of the injection volume (0.4-1.4 μL), while a signal decrease was observed with a further increase in the injection volume (such as the signals for V ≥ 1.6 μL in Fig. 7 (b) ). Moreover, the curves for the detection positions of 10 and 29 cm from the junction of carrier and reagent channels are very similar. The dependence of the signal on the injection volume of the reagent does not depend on the excitation power. Thus, for the selected flow rate of 10 μL min -1 we used the injection volume of 1.4 μL. 
5. Performance Parameters for Cr(VI)
Under the optimized conditions (Table 2) we built calibration plots for Cr(VI) concentrations between 5 ng mL -1 and 50 μg mL -1 . The calibration equation under these conditions is H = (2.34 ± 0.04) × 10 8 c + (0.5 ± 0.2), r = 0.9982; P = 0.95, n = 33 The limit of detection of Cr(VI) is 15 ng mL -1 (2.9 × 10 -7 mol L -1 ), which correlates well with previously re- -10 μg mL -1 is wider compared to previous findings. 34 The relative standard deviation in the range 0.1-1 μg mL -1 is no higher than 0.1. Thus, the proposed procedure developed for a specially designed microchip corresponds to the required sensitivity level for microfluidic applications.
1,2 At a flow rate of 10 μL min -1 , the time required for a single injection of the reagent (optimum injection volume) is 10 s, i.e. the reagent can be injected 6 times per minute. That means 360 analyses per hour for continuous and approximately 180 for discrete analysis. It is noteworthy that this time is almost fivefold lower compared to the analysis time in FIA-TLS for the optimum flow rate of 2.5 mL min -1 .
Conclusions
Thus, we succeeded in the miniaturization of the detection scheme for the determination of trace chromium(VI) and developed a μFIA-TLM procedure for the injection of the preconditioned reagent into a continuous or discrete flow of the test analyte solution. We focused on the optimization for the conditions of the reaction of Cr(VI) with diphenylcarbazide in the flow in a microfluidic chip specially designed for the target reaction. 34 Such an optimization in a microflow is very simple and non-laborious and provides good sensitivity. We believe that this will facilitate developing the procedures and applications for compact thermal-lens instruments and in turn, stimulate developing such instruments. This will undoubtedly expand the arsenal of analytical methods in the field of trace analysis.
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